The structure and energetics of alamethicin Rf30 monomer to nonamer in cylindrical pores of 5 to 11 Å radius are investigated using molecular dynamics simulations in an implicit membrane model that includes the free energy cost of acyl chain hydrophobic area exposure. Stable, low energy pores are obtained for certain combinations of radius and oligomeric number. The trimer and the tetramer formed 6 Å pores that appear closed while the larger oligomers formed open pores at their optimal radius. The hexamer in an 8 Å pore and the octamer in an 11 Å pore give the lowest effective energy per monomer. However, all oligomers beyond the pentamer have comparable energies, consistent with the observation of multiple conductance levels. The results are consistent with the widely accepted "barrel-stave" model. The N terminal portion of the molecule exhibits smaller tilt with respect to the membrane normal than the C terminal portion, resulting in a pore shape that is a hybrid between a funnel and an hourglass. Transmembrane voltage has little effect on the structure of the oligomers but enhances or decreases their stability depending on its orientation. Antiparallel bundles are lower in energy than the commonly accepted parallel ones and could be present under certain experimental conditions. Dry aggregates (without an aqueous pore) have lower average effective energy than the corresponding aggregates in a pore, suggesting that alamethicin pores may be excited states that are stabilized in part by voltage and in part by the ion flow itself.
Introduction
Alamethicin (ALM) is a 20-residue antimicrobial peptide produced by the soil fungus Trichoderma viride that is rich in α-amino isobutyric acid (Aib) and forms voltage-gated ion channels [1, 2] . The crystal structure of ALM showed an α-helix from the N-terminus to Pro 14 and a 3 10 helix from Pro 14 to the C-terminus [3] . The fact that ALM-induced ion conductivity appears at discrete levels [4] has been attributed to formation of transient "barrel-stave" pores consisting of a variable number of monomers around a central aqueous pore [5, 6] . Various propositions have been made for the voltage dependent step: partition into the bilayer, transition from an interfacial to a transmembrane (TM) orientation, conformational change, further immersion into the bilayer, flipping of helices from an antiparallel to a parallel orientation, or aggregation [2, 7, 8] .
A variety of experimental techniques have been employed to understand the mechanism of ion channel formation by ALM. Its ion conductance properties have been investigated under different conditions [9] [10] [11] , including covalent tethering [9] . Some studies with model membranes suggested an interfacial orientation [13] [14] [15] , while others found a TM orientation [10, 11] , a highly tilted orientation [12] , or a distribution of orientations [13] . Other studies detected both orientations depending on peptide concentration and hydration [14] [15] [16] . Conflicting findings have also been reported on the aggregation state of ALM in membranes in the absence of voltage, with some studies finding predominantly monomers [17] [18] [19] , while others detected oligomers [20] [21] [22] [23] [24] , with aggregation diminishing at higher temperatures [25] . Low-resolution information on the structure of the ALM pore has been obtained by neutron scattering. It was found that in DLPC the pores are made of 8-9 helical peptides arranged in parallel around an 18 Å diameter water-filled pore [26] . Somewhat larger pores were obtained in DPhPC. Indirect information on the pore size has also been obtained by studying the effect of polymers on the observed conductance [27] . The barrel stave model is widely accepted, but not universally [28, 29] .
ALM has also been the subject of numerous theoretical studies. Models of the channel have been constructed with restrained molecular dynamics (MD) in an implicit bilayer [30] or in vacuum with a few explicit water molecules [31] . Explicit solvent MD simulations have also been performed of monomers in water and/or methanol [32, 33] and inserted [33, 34] or adsorbed [35, 36] on lipid bilayers or octane slabs. Simulations of ALM oligomers in lipid bilayers have also been performed [37] [38] [39] . The authors suggested that the tetramer does not conduct ions and that the lowest conductance level likely corresponds to a pentamer. Most stable in the simulations was found to be the hexamer. A more recent coarse-grained and atomistic MD study found extensive aggregation of ALM in a lipid bilayer [40] . The peptides exhibited occasional transitions between the membrane spanning and the surface bound configurations. Continuum electrostatic analysis showed the TM orientation to be more stable than the interfacial orientation [41] and that many channel structures obtained by MD are thermodynamically unstable in the membrane [42] .
In previous work from our group, MD simulations in implicit membrane produced two possible orientations of similar energies: a tilted orientation at the interface with the N terminus partially inserted and a more fully inserted, TM orientation with the N terminus almost crossing the membrane [43] . The transfer energy from water to the membrane was large enough to ensure that all ALM partitioned to the membrane at reasonable concentrations. These results were in agreement with a variety of experimental studies suggesting that ALM penetrated the hydrophobic core of the bilayer even in the absence of voltage [1] . Also, that the TM orientation did not completely cross the membrane was in agreement with a spin-labeling EPR study [44] . Voltage did not produce significant change in these structures but shifted the equilibrium towards the TM orientation by 0.8-0.9 kcal/mol [43] . More recently we found that inclusion of the membrane dipole potential [45] or lateral pressure effects [46] makes the interfacial configuration more parallel to the membrane.
Although ALM has been studied extensively, the pore structure in the membrane is still under debate. All atom MD studies have probed the kinetic stability of model pore structures, but have not yet provided information on their thermodynamic stability due to the large computational expense. Here, we attempt to do just that by introducing new methodology based on implicit membrane modeling. We construct models of different oligomeric numbers around pores of different size and compute the average effective energy per monomer. The implicit model also allows us to easily assess the effect of external voltage and evaluate proposed mechanisms of voltage dependence. Further, comparison with the energies of dry aggregates allows us to investigate the nature of the closed state and the energetics of the opening transition.
Methods

Implicit membrane model
We performed MD simulations with IMM1, an effective energy function for proteins in lipid membranes [47] , which is an extension of EEF1 for water-soluble proteins [48] . Effective energy (W) is the free energy of a given, fixed protein conformation and is obtained as the sum of the intramolecular energy (E) and the solvation free energy (ΔG slv ). EEF1 uses the extended atom CHARMM force field (param19) [49] with neutralized ionic side chains and a linear distance dependent dielectric constant (ε = r) for the electrostatic interactions. IMM1 extends EEF1 to heterogeneous membrane-water systems by allowing the solvation parameters to vary between values corresponding to aqueous solution and values corresponding to cyclohexane. The membrane is considered to be parallel to the xy plane with its center at z = 0. The solvation parameters of all atoms (ΔG i ref ) depend on the vertical position, z′ = |z| / (T / 2), where T is the thickness of the nonpolar core of the membrane. To account for the strengthening of electrostatic interactions in the membrane, a modified dielectric screening function is used
where f i and f j are given as
The switching function f describes the transition from one phase to the other and n controls the steepness of the transition. The exponent n = 10 gives a region of 6 Å over which the environment transitions from 90% nonpolar to 90% polar. The value 0.85 for the adjustable parameter a was found to give membrane binding energies in accord with experiment. Modeling of proteins with an aqueous pore was made possible by making the switching function dependent on the distance from the z axis [50, 51] :
where r is the distance of any atom from the center of the pore and R is the radius of the pore. The resulting energy function was referred to as IMM1-pore and was shown to discriminate the correct fold of TM beta barrels [50] .
Extension to the all-atom CHARMM36 force field
The EEF1 and IMM1 functions are based on the "united atom" CHARMM19 force field in which the nonpolar hydrogen atoms are not explicitly represented. While this approximation is reasonable, it may affect the packing energies [52] . Indeed, interactions between TM helices sometimes appear too strong with this energy function. In addition, it does not allow one to take advantage of the progress in parameterization that took place over the last 15 years. For these reasons, IMM1 was adapted to the most recent, all-atom force field, referred to as CHARMM36 [53] . This was done by transferring the solvation parameters from the atom types of CHARMM19 to the corresponding atom types in CHARMM36 and modifying the partial charges of the ionizable residues in CHARMM36 to match those in IMM1.
One more change was necessary. CHARMM19 scales the 1-4 interactions (the interactions between atoms separated by three bonds) by 0.4, while the all-atom CHARMM force fields do not scale them at all. This affects significantly the transfer energies from water to the membrane because IMM1 uses a position-dependent dielectric constant for all electrostatic interactions (Eq. (1)). Without the scaling of 1-4 interactions, IMM1 gives very little electrostatic stabilization in the membrane. Thus, the code was modified so that 1-4 interactions are excluded from the scaling in Eq. (1) and the value of the parameter a was adjusted to 0.91 to obtain roughly the same electrostatic stabilization in the membrane as with the original IMM1. This version is referred to as IMM1-p36.
Free energy of hydrophobic exposure
In its standard form, IMM1-pore produced distorted ALM oligomeric structures in cylindrical pores with monomers highly tilted. We hypothesized that this is due to the neglect of the free energy cost of hydrophobic exposure of lipids when the pore is not completely lined with peptide. To include this free energy cost, the effective energy (W) was modified as follows:
where E pore is the residual pore energy and it is expressed as
where γ is the hydrocarbon-water interfacial tension, for which we chose the value 50.05 mN/m [54] , and R is the radius of the pore. The first term on the right-hand side, multiplied by γ, corresponds to the classical pore formation energy for a membrane with thickness T. This is the energy of the "naked" pore (no peptides present). The second term in Eq. (5) represents the lowering of the free energy due to coverage of hydrophobic area by peptides. 1:66 ffiffiffi ffi β p is the width of the Gaussian distribution at half maximum, set at 0.7, such that when peptides align completely around the pore E pore vanishes. r i is the distance of any atom i from the center of the pore (z axis), and r i vdw is the van der Waals radius of atom i. E pore should be positive and should approach zero when the peptides cover up the pore completely.
Computational protocols
New Aib and terminal phenylalaninol residues were created in the CHARMM36 force field. The structure of ALM Rf30 (with Glu at position 18) was obtained from the PDB (ID: 1AMT). This crystal structure has some 3 10 helical character near the C terminus, which in our simulations converts rapidly to α-helical. First, a single monomer of ALM was equilibrated in pores ranging from 5 to 11 Å radius. Then, different oligomeric states of ALM in the pore were created by rotating the equilibrated monomers N times by an angle 360°/N. The energies of these assemblies were then energy-minimized. For smaller pore radii, when a large number of peptides were placed, a large van der Waals stress was created. To relieve this stress, the peptides were placed in a larger radius pore initially and then equilibrated. To obtain "dry" aggregates (oligomers without a pore), the initial structures of the corresponding oligomers in the pore were placed in the membrane (without a pore) and then subjected to MD. The width of the lipid membrane was 26 Å in all simulations. Each system was simulated for 3 ns, 1 ns of which was used for equilibration and the following 2 ns for data collection and averaging (plots of the energy vs time show that the energy converges after 1 ns and a 10-ns simulation of a hexamer produced results within the statistical uncertainty). Statistical errors were calculated as the standard deviation of averages calculated over four 0.5-ns periods. The temperature was maintained at 298.15 K using the Nosé-Hoover thermostat. The SHAKE algorithm was used to constrain high frequency bonds with hydrogen atoms, allowing a time-step of 2 fs for the Verlet integration.
Results
Oligomers in the absence of an aqueous pore
The structures of a few representative dry oligomers are shown in Figs. 1 (heptamer) and S1 (tetramer, nonamer). They all form closepacked bundles. With increasing aggregate size, some ALM molecules adopt interfacial orientations. It is interesting that, whereas monomers and low oligomers do not cross the membrane completely, pentamer and higher oligomers do. The average effective energy and its components for "dry" oligomers are given in Table S1 and plotted in Fig. 2 . The total effective energy decreases monotonically from monomer to pentamer. Beyond the pentamer the variation in energy is small and beyond the heptamer within statistical error. The drop in energy from monomer to pentamer is substantial, about 14 kcal/mol per monomer, mostly due to van der Waals energy and, to a smaller extent, electrostatic energy. The solvation energy term opposes association, as expected. The bonded energy is slightly higher for the oligomers than the monomer, as each monomer strains to optimize intermolecular interactions.
Oligomers in the presence of an aqueous pore
The energies of ALM oligomers in cylindrical pores of different radii are given in Table 1 . For monomer and dimer the average energy increases monotonically with increasing pore radius, primarily due to E pore (a larger amount of pore surface remains exposed as the radius increases). The higher oligomers show at least one minimum in energy per monomer as the radius increases. The trimer and the tetramer show a minimum at pore radius 6 Å. The pentamer shows two minima.
The first is at radius 5 Å but the structure of the oligomer is distorted and the pore is closed. The second minimum at radius 7 Å corresponds to a regular barrel-stave structure with an open pore. Similarly for the heptamer and the octamer, the lowest minimum corresponds to a small pore with additional monomers on the periphery and the second lowest minimum corresponds to a single layer of peptide lining a larger pore. Such structures are indicated by an underline in Table 1 . Note that the energies of the dry oligomers, also shown in Table 1 , are in most cases slightly lower than the energies of the best pore structures (see the Discussion section). The components of the energy for the optimal oligomers are shown in Table S2 and plotted in Fig. 3 . As with the dry oligomers (Fig. 2) , the van der Waals and electrostatic energies decrease substantially as the oligomeric number increases. Here, the solvation component includes the pore energy due to acyl chain exposure, and that is why this component drops significantly from monomer to dimer. The contribution of the added term, E pore to the total energy for pore radius R = 9 Å and varying number of oligomers is given in Table S3 . The "naked pore" energy (when there is no peptide in the pore) at this radius is 105.9 Å (2πRTγ, T = 26 Å). Addition of peptides covers hydrophobic lipid area and reduces the pore energy. The residual pore energy per monomer decreases with the increase in number of monomers and reaches a plateau after the pore is filled with peptides. The parameters of this term were chosen so that the pore energy for a completely lined pore will be close to zero, but there is no simple way to make it exactly zero. The fact that the pore energy becomes slightly negative at larger oligomeric numbers is an artifact of the approach taken to account for hydrophobic area exposure. Fig. S2 shows the average structures of monomer and dimer in a pore of radius 5 Å. Both monomer and dimer aligned to the side of the cylindrical pore with hydrophobic residues facing the membrane and the hydrophilic residues like Gln and Glu facing the water. In the monomer, both Gln residues face the center of the pore. In the dimer, one of the Gln and Glu residues near the C terminus moves towards bulk water. Fig. S3 shows the average structures of the trimer and tetramer, which at their optimal radius seem to form closed pores. Fig. 4 shows the average structure of a heptamer corresponding to the most stable open pore. Structures of pentamer to nonamer are given in Fig. S4 . In these structures the Gln 7 residues point towards the lumen of the pore whereas the Gln and Glu residues near the C-terminus point towards the bulk water. For all these oligomers, it was proposed that the Gln residues form an annular ring in the pore that stabilize the pore structure [3] . Our simulations do not show such regular h-bonded rings. One of the Gln residues often h-bonds to the backbone nitrogen atom of another monomer. A representative broken h-bond network is shown in Fig. 4 . Other times the Gln residues prefer to h-bond vertically, causing a vertical shift of one monomer relative to the other (e.g. Fig. S4e) . As a result, the centers of mass of the helices are not always on the same membrane depth.
To determine the shape of the oligomeric bundles in a quantitative way we calculated average tilt and kink angles for the two portions of the molecule on either side of Pro 14, which is on average about 4 Å below the hydrocarbon-polar interface. The Nt tilt angle is defined as the angle between the membrane normal (positive z semiaxis) and the helix axis defined by the residues from Pro 14 to the N-terminus.
The Ct tilt angle is defined as the angle between the negative z semiaxis and the helix axis defined by the residues from Pro 14 to the C-terminus.
The kink angle is the angle between the axes of the two portions of the molecule. The results are shown in Table 2 . The kink angle tends to be smaller than in the crystal structure (153.7, 158.2, 163.4 for the three molecules in the asymmetric unit). That is, the molecule is on average more kinked than in the crystal structure. The Nt tilt angle is significantly smaller than the Ct tilt angle. If the former was zero and the latter was positive, then the shape of the bundle would be funnel-like, with the Nt helix lining the pore and the Ct helix forming the mouth of the funnel. Equal values of the Nt and Ct angles would make the shape of the pore hourglass-like. The actual situation is between the two ideals, so we may characterize the shape of these bundles as a hybrid between hourglass and funnel.
Effect of transition region width
The value of n in Eqs. (2) and (3) determines the width of the transition region between the hydrocarbon and water. The value 10 gives a transition region of~6 Å going from 90% polar to 90% nonpolar for a typical membrane with 26 Å thickness. One disadvantage of the mathematical model we use is that the width of the transition region changes with the thickness of the membrane or the radius of the pore. Thus, when we compare pores with large differences in R the transition width could change substantially and that could affect the resulting energies (in general, a steeper transition gives more favorable energies for amphipathic peptides). The same value of n = 10 for a cylindrical pore with a radius of 5 Å gives a transition region of 2.2 Å going from 90% polar to 90% nonpolar. To examine the effect of transition region thickness in the absence of statistical noise, we performed single-point energy calculations on the final structure of the trajectory for each oligomer with n adjusted to as to obtain a transition region of~6 Å. The results are shown in Table S4 . Indeed, the reduction in transition region thickness Table 1 Average effective energy per monomer (kcal/mol) for alamethicin oligomers in cylindrical pores of radius R and in the absence of a pore (dry aggregates). lowers the energy. The difference is almost 4 kcal/mol for the monomer and diminishes gradually in larger pores. In principle, the transition region thickness for a cylindrical, hydrophobic pore need not be the same as that for the membrane interface. In the former there is a transition from the acyl chains to water, whereas in the latter there is a transition from the acyl chains to the polar head groups. It is reasonable to expect that the former might be somewhat sharper than the latter. However, whatever the transition region thickness is in the pore, it clearly should not be dependent on the radius. Therefore, in the remainder of this work we use n values adjusted to maintain the same transition region thickness to avoid any bias in favor of smaller pores.
Number of alamethicin molecules
R = 5 R = 6 R = 7 R = 8 R = 9 R = 10 R = 11 R = 12
Translational and rotational entropy contributions
As almost all side chains in ALM are short, we neglect the conformational entropy loss upon oligomerization. The entropy loss due to translational and rotational motions of aggregates were determined from the probability distributions of the center of mass positions and peptide orientations, respectively, as in previous work [55] . The results are tabulated in Table S5 . Their values range from 3.5 to 7 kcal/mol and increase gradually as the oligomeric number increases. These values are probably overestimates because the reference state for the calculations is free rotation and translation at 1 M concentration and neglect the constraints of the membrane. Addition of this contribution favors the smaller aggregates but does not change substantially the picture obtained from the effective energy alone.
Effect of TM voltage
Simulations with a voltage of 0.1 V, positive on the side of the C-terminus, were performed for the optimal ALM assemblies in Table 1 . The average structures obtained were very similar to those in the absence of voltage. To investigate the effect of voltage on the energetics in the absence of statistical noise, we performed single-point energy calculations on the final structure from the trajectories. The results are shown in Table S6 . There are two contributions to the difference in energy reported in this table. The first is from the Glu 18 residue and is about 0.1 V * 1e~2.3 kcal/mol. If the C terminus is in the +V direction the energy change is favorable, otherwise it is unfavorable. The second contribution is from helix dipole. In previous work we found that the dipole contribution stabilizes the TM configuration vs. the interfacial configuration by 0.8 to 0.9 kcal/mol when 0.1 V is applied. Similar results are obtained here. Application of voltage in direction opposite to that of the helix dipole lowers the energy of the monomers in the pore by 0.9 to 1 kcal/mol. The values in Table S6 are a combination of the above two contributions.
Antiparallel bundles
Because ALM makes ion channels only in the presence of cis positive voltage, which favors an orientation with the C terminus on the cis side, and because the C terminus is more hydrophilic and crosses the membrane with greater difficulty than the N terminus, it is usually assumed that ALM makes parallel helical bundles (1, 5, 44) . However, at higher concentrations in the absence of voltage and at later times when ALM molecules have translocated to the trans leaflet, antiparallel bundle formation seems possible. We thus constructed three antiparallel models: a dry tetramer, a dry hexamer, and a hexamer in a pore. The average energies of these models are shown in Table 3 . It can be seen that in all cases considered the energy of the antiparallel model is lower than that of the corresponding parallel model, thanks to better van der Waals and electrostatic interactions. Fig. 5 shows the structure of the antiparallel hexamer in the pore and Fig. S5 shows the antiparallel dry tetramer. 
Table 2
Average tilt angles for the N-terminal (res. 1-14) and C-terminal (res. 14-20) helices (Nt tilt and Ct tilt, respectively) and kink angle between them for optimal oligomers in the pores. 
Discussion
This work presents a new approach for analyzing barrel stave pore structures using implicit solvation modeling. This approach offers significant advantages compared to all-atom explicit simulations [38, 56] . One advantage is the fast convergence. Within a few ns one can see whether a certain structure is stable or not. A second advantage is the ability to obtain estimates of the thermodynamic stabilities of the various structures. A third advantage is that it tests our understanding of the physical forces that play a role in peptide-induced pore formation. Of course, the approach is not without limitations. The implicit solvation model is highly approximate and the cylindrical shape of the pore is imposed at the outset. There is substantial experimental and theoretical evidence supporting this idea [56, 57] but it is an assumption. The results of studies like these should be treated as hypotheses to be tested by more detailed simulations and ultimately by experiment. Also, the membrane thickness has been treated as fixed, although it is known that it can locally adjust to improve the match between peptide and bilayer [58, 59] . A rigorous correction for this, whereby one computes the energy in different membrane thicknesses and adds an estimate of the free energy of membrane deformation [41] could be pursued in the future for more accurate results.
There is a large body of experimental data that the present results can be compared with. Neutron scattering [26, 60] and X-ray diffraction studies [57] suggested that ALM forms stable pores of about 8.5 Å inner radius and 19.4 Å outer radius consisting of 8 monomers. Our octamer has similar dimensions. However, our energy values for the oligomers above 5 are very similar, consistent with conductance studies that show multiple levels populated. Apparently, under certain experimental conditions, such as stacked bilayers and high peptide concentrations, one oligomeric state can dominate, for reasons that are not understood. A recent electrochemical STM study in monolayers was consistent with hexamers, with each ALM molecule shared between adjacent channels [61] . PELDOR studies of a backbone-labeled ALM analog detected a tetramer with 23 Å distance between the labels at position 16 [23, 62] . Modeling such a tetramer, the authors obtained a distance of 18 Å. Our tetramer is even more compact, with distances between 11 and 16 Å. Distances of 23 Å in a tetramer would be possible in a pore of at least 10 Å radius, but that pore would have high energy because a lot of hydrophobic area would be exposed (Table 1) .
Conductance measurements in membranes of different lipid compositions showed that PE inhibits the formation of pores but increases the relative frequency of larger pores [63] . This finding could be theoretically explained assuming an hourglass shape of the ALM channel [64, 65] . Previous modeling studies [66] reported aggregates that are more funnel-like. Our analysis suggests a hybrid between funnel and hourglass, which should be able to account for the lipid-dependence experiments. A more quantitative study could be performed using a recent model for lateral pressure effects [67] .
Another source of experimental data with bearing on the pore structure is the pH dependence of conductance. Asami et al. [68] found that the presence of charge at residue 18 (Glu vs. Gln) does not have a major effect on conductance, whereas inserting a Glu at position 7 makes a dramatic difference. This is in agreement with the barrel stave model and the present structures. The effective pKa of Glu 18 in that study was around 4.5-5, indicating weak interactions between the Glu 18 residues and that at neutral pH all Glu 18 residues are ionized. This is in agreement with the work of Chiriac and Luchian [69] . In the present simulations Glu 18 was unprotonated. We note, of course, than in our implicit model the ionic residues do not carry a net charge, but only partial charges that reproduce the explicit solvent potential of mean force [47] . However, the average distance between the Glu 18 carboxyl groups in our oligomers is 9 Å or more, sufficient to weaken the repulsive interactions between them. Tieleman et al. found that they had to protonate some of the Glu 18 residues to obtain stable structures [38] . This may have been due to the proximity of these residues in the starting structures which created very strong repulsive forces. It would be interesting to repeat explicit simulations starting from structures obtained here. It is often assumed that the alamethicin bundles are parallel (1, 5, 44) . The reason for this is the observation that channel opening occurs only at cis positive voltage and that this field would favor the translocation of the N terminus across the membrane. Conveniently, the N terminus is quite hydrophobic while the C terminus is very hydrophilic and thus would experience a high energy barrier in crossing the membrane. However, under conditions at which pore formation is not voltage dependent and after the initial formation of pores and the translocation of the ALM to the trans leaflet, this argument is no longer valid. Interestingly, we find antiparallel bundles to have lower effective energy than parallel ones. We should therefore consider the possibility that such bundles are formed under certain experimental conditions, such as dye leakage experiments in vesicles over a long period of time [70] .
An extensively debated issue in ALM research is whether there exists a preaggregated, non-conducting state. Evidence in favor of aggregation comes from the moderate dependence of relaxation kinetics on ALM concentration [71] , the sigmoidal shape of binding isotherms [20, 72] , CD spectroscopy [21, 25] , 2-d aggregate formation on the surface of monolayers [29] , solid state NMR at P/L = 1/100 [73] and at P/L 1:10 [74] , PELDOR at P/L 1:160 to 1:50 [23] , and X-ray scattering [24] . Rizzo et al. [72] estimated a critical P/L~1:1000 for aggregation in the membrane. Leakage experiments showed sustained ability of ALM to form pores in the absence of voltage even down to P/L 1:2000 [70] . Evidence against aggregation in the absence of TM potential has been provided by EPR of spin-labeled ALM in vesicles at P/L from 1:600 to 1:7 [17, 18] and at 1:100 in aligned bilayers [19] and studies with spin-labeled lipids at P/L 1:50 [75] .
Our energies of association of ALM monomers are quite strong, with contributions from both van der Waals and electrostatic interactions. A strong interaction between ALM helices is plausible. Hydrogen bonding between polar residues in the membrane interior is known to provide a strong driving force for association [76, 77] . In the case of ALM, the Gln 7 residues could provide a few kcal/mol of association energy. Nevertheless, it is possible that the association energies predicted by our implicit membrane model are overestimated. A more systematic study of association is needed, and the implicit simulation results need to be tested with explicit simulations. Previous application of IMM1 to other associating TM helices gave reasonable results [78, 79] . It is noted, however, that a coarse-grained MD study also found extensive aggregation at P/L = 1:7 to 1:20 [40] .
The present results indicate that the average effective energy of dry aggregates is lower than the corresponding oligomers in a pore, due mostly to electrostatic interactions. This result is not an artifact of the pore energy term, since this term is actually negative for large oligomers, i.e. it lowers the energy of the "wet" oligomers ( Table S3 ). If that is true, the open states correspond to excited states. It should be noted here that the open pore states observed in conductance experiments are nonequilibrium states, whereas the closed states are equilibrium states. A widely accepted approach to compare the relative probability of an equilibrium and a nonequilibrium state is lacking. The concept of free energy is not well defined in nonequilibrium states, but there are attempts to do that. A generalization of the free energy that incorporates fluxes [80] shows that fluxes lower the generalized free energy of a nonequilibrium state. If this reasoning is correct, then one significant contribution to the stabilization of the open channel states is the nonequilibrium effect of ion flow. The fact that the ALM channel can conduct in the opposite direction when the voltage is rapidly reversed (becomes cis negative) [81] seems to support this idea. Reversal of the potential destabilizes the barrel but ion flow provides enough stabilization to keep it going for a while. Thus, it seems plausible that the ground state of ALM in membranes corresponds to closed aggregates and the open states are transiently stabilized by the "need" to dissipate electrochemical or chemical gradient. In this view, the "voltage-dependent step" is the ion or dye flow itself. We note, however, that open pores have also been observed under equilibrium conditions [26] , which means that under certain conditions they can become ground states.
Thus, a lot remains to be clarified for a complete understanding of the ALM mechanism of membrane pore formation. First and foremost, the issue of aggregation in the closed state. It would be interesting to apply the TOXCAT technique [82] to measure directly the strength of association between two ALM monomers. On the theory side, we are planning to use potential of mean force calculations in explicit bilayers to test whether the implicit model predictions are correct, and if not, the origin of its failings. Another important but difficult goal for explicit simulation is the calculation of the free energy difference between dry and wet alamethicin bundles. The number of intriguing questions increases further when one considers other peptaibols. Some of them are much shorter than ALM, do they also form barrel stave aggregates? Why do some, like antiamoebin and trichotoxin, show only one conductance level [83] instead of the multiple levels of alamethicin?
